1.. Introduction
================

MicroRNAs (miRNAs/miRs) are endogenous non-coding small RNAs that are 19--24 nucleotides in length and are widely found in eukaryotes ([@b1-ol-0-0-11835]). In general, they bind to complementary sites on the 3′-untranslated regions of mRNAs, which are consequently destabilized or translationally suppressed ([@b1-ol-0-0-11835]). This post-transcriptional regulation serves essential roles physiologically and pathologically. miRNAs regulate important biological processes, including proliferation and apoptosis ([@b2-ol-0-0-11835],[@b3-ol-0-0-11835]). Numerous miRNAs are involved in the tumorigenic transformation or migration of cells ([@b4-ol-0-0-11835]). Recent advancements in molecular biology technologies have introduced novel approaches to study the role of miRNAs in cancer and have thereby led to novel findings regarding cancer pathogenesis, prognosis and treatment ([@b5-ol-0-0-11835],[@b6-ol-0-0-11835]).

Cancer is one of the leading causes of mortality and morbidity globally. According to the latest data published in the GLOBOCAN database in 2018, 18.1 million cancer cases and 9.6 million cancer-associated deaths were reported worldwide ([@b7-ol-0-0-11835]). Asia has the highest number of patients with cancer in the world, which accounts for 48.4% of the global cancer population ([@b7-ol-0-0-11835]). The five most frequent types of cancer worldwide in descending order are lung cancer, breast carcinoma, colorectal cancer, prostate carcinoma and gastric cancer ([@b7-ol-0-0-11835]). The five types of cancer with the highest mortality rates worldwide are lung cancer, colorectal carcinoma, gastric cancer, liver carcinoma and breast cancer ([@b7-ol-0-0-11835]). The types of cancer with the highest cancer-associated morbidity and mortality in men and women worldwide are lung and breast cancer, respectively ([@b7-ol-0-0-11835]). It has been estimated that there will be 22 million new cancer cases and 13 million cancer deaths per year by 2030 ([@b8-ol-0-0-11835]). Therefore, the identification of effective approaches for the prevention, diagnosis and treatment of cancer is required, in addition to the traditional approaches of surgery, chemotherapy and radiotherapy.

Abnormal miRNA expression is associated with tumorigenesis, and more than half of all miRNAs in the human genome are located in cancer-associated regions or fragile sites ([@b9-ol-0-0-11835]). In 2006, Calin *et al* ([@b10-ol-0-0-11835]) reported that the miRNA cluster miR-15/miR-16-1 was eliminated or repressed in 69% of patients with chronic lymphocytic leukemia. The aforementioned study was the first to demonstrated that miRNAs are closely associated with cancer ([@b10-ol-0-0-11835]). Abnormally expressed miRNAs in cancer can be functionally classified as oncogenic, such as miR-17-92 ([@b11-ol-0-0-11835]), or tumor suppressors, such as let-7 ([@b12-ol-0-0-11835]), which are upregulated and downregulated in tumor cells, respectively. Accordingly, the upregulation of the oncogenic miRNAs and the downregulation of the tumor suppressor miRNAs may promote tumor development. However, a miRNA may serve different roles in different types of cancer. For example, miR-221 acts as an oncogene in hepatocellular carcinoma ([@b13-ol-0-0-11835]), but it is a tumor suppressor in erythroblastic leukemia ([@b14-ol-0-0-11835]). In addition to serving as biomarkers for tumorigenesis, miRNAs are associated with tumor chemoresistance. Upregulation of some miRNAs, such as miR-19 ([@b15-ol-0-0-11835]) and miR-21 ([@b16-ol-0-0-11835]), can enhance tumor chemoresistance, whereas other miRNAs, such as miR-130a ([@b17-ol-0-0-11835]) and miR-298 ([@b18-ol-0-0-11835]), are downregulated in chemoresistant tumor cells. Therefore, it may be possible to use miRNA expression profiles of tumors for diagnostic, prognostic and therapeutic purposes. However, this requires an in-depth analysis of miRNA-associated mechanisms in various types of tumor.

miR-33a is located in the 16th intron of the human sterol regulatory element binding transcription factor 2 (SREBF-2) gene on chromosome 22 ([@b19-ol-0-0-11835]). This highly conserved intronic miRNA regulates the genes that control cholesterol uptake or synthesis ([@b20-ol-0-0-11835]). SREBFs activate the expression of \>30 genes involved in the synthesis or cellular uptake of cholesterol, triglycerides, phospholipids and fatty acids, along with the NADPH cofactors required to synthesize these biomolecules ([@b21-ol-0-0-11835]). In addition, the SREBF signaling pathway regulates various cellular processes, including phagocytosis and cell cycle progression ([@b22-ol-0-0-11835]). In healthy tissues, transcriptional activation of SREBF-2 upregulates miR-33a, consequently enhancing cellular lipid metabolism, including that of cholesterol ([@b22-ol-0-0-11835]). Studies have demonstrated that cholesterol is involved in apoptosis, whereas the SREBP/miR-33 axis participates in cell growth and cell cycle progression ([@b23-ol-0-0-11835],[@b24-ol-0-0-11835]). Therefore, dysregulation of miR-33a levels may contribute to tumorigenesis by affecting cholesterol levels. In this case, tumors may be treated by correcting the miR-33a levels or associated mechanisms.

The present review describes the available literature regarding miR-33a and cancer and provides an overview of miR-33a-associated mechanisms in hepatocellular, gastric, colorectal, pancreatic and gallbladder carcinomas, as well as osteosarcoma, melanoma, glioma, esophageal and tongue squamous cell cancer, and lung, laryngeal, renal, thyroid, prostate and breast cancer. Additionally, 38 target genes of miR-33a and the possibility of their involvement in cancer are examined, providing a basis for future research investigating the role of miR-33a in cancer.

2.. miR-33a and its role in cancer
==================================

### Digestive system cancers

#### Hepatocellular carcinoma

Hepatocellular carcinoma is the third most common type of cancer globally ([@b25-ol-0-0-11835]--[@b27-ol-0-0-11835]). Hepatitis B and C virus infections are considered to be the main causes of hepatocellular carcinoma, which can also be caused by non-alcoholic liver disease or alcohol abuse ([@b28-ol-0-0-11835]).

In this type of cancer, miR-33a can act as a tumor suppressor gene. Liu *et al* ([@b29-ol-0-0-11835]) have demonstrated that miR-33a-5p is downregulated, while its target gene paraneoplastic antigen Ma1 (PNMA1) is upregulated in hepatoma cells. Consequently, the downstream proteins of PNMA1, such as C-MYC, β-catenin and cyclin D1, are upregulated; these proteins activate the Wnt signaling pathway, which facilitates the proliferation of hepatoma cells ([@b29-ol-0-0-11835]). Additionally, PNMA1 upregulates N-cadherin, fibronectin and vimentin expression, but downregulates E-cadherin and claudin-1 expression, thereby promoting the epithelial-mesenchymal transition (EMT) of the cells, while also promoting their migration through the upregulation of matrix metalloproteinases-2/9 ([Fig. 1A](#f1-ol-0-0-11835){ref-type="fig"}) ([@b29-ol-0-0-11835]). Similarly, Guo *et al* ([@b30-ol-0-0-11835]) and Li *et al* ([@b31-ol-0-0-11835]) have demonstrated that hypoxia-inducible factors (HIFs) and long non-coding RNA (lncRNA) cancer susceptibility 15 (CASC15) decrease the miR-33a level in hepatoma cells. Additionally, the miR-33a target gene Twist basic helix-loop-helix transcription factor 1 (TWIST1) is consequently upregulated, which subsequently downregulates E-cadherin and upregulates N-cadherin and vimentin expression, thereby further promoting EMT and invasion of hepatoma cells ([Fig. 1B](#f1-ol-0-0-11835){ref-type="fig"}) ([@b30-ol-0-0-11835],[@b31-ol-0-0-11835]).

By contrast, Fang *et al* ([@b32-ol-0-0-11835]) have revealed that aflatoxin B1 upregulates miR-33a in the hepatoma Chang (IC~50~, 40 µg/ml) and HepG2 (IC~50~, 77 µg/ml) cell lines. Consequently, β-catenin and its downstream proteins C-MYC and cyclin D1 are downregulated, whereby the Wnt signaling pathway is suppressed, and so is the proliferation of hepatoma cells ([Fig. 1C](#f1-ol-0-0-11835){ref-type="fig"}) ([@b32-ol-0-0-11835]). Similarly, Han *et al* ([@b33-ol-0-0-11835]) have observed that miR-33a-3p is downregulated in hepatoma cells, and its forced expression suppresses the proliferation, metastasis and invasion of these cells by downregulating the target gene pre-B-cell leukemia transcription factor 3 ([Fig. 1D](#f1-ol-0-0-11835){ref-type="fig"}). Furthermore, low miR-33a expression is associated with a low survival rate in patients with hepatocellular carcinoma ([@b33-ol-0-0-11835]). Similarly, Wu *et al* ([@b34-ol-0-0-11835]) and Han *et al* ([@b35-ol-0-0-11835]) have illustrated that lncRNA eosinophil granule ontogeny transcript and lncRNA colorectal neoplasia differentially expressed in hepatoma cells inhibit miR-33a expression, which upregulates the target gene high mobility group AT-hook 2 (HMGA2), thereby promoting the proliferation, migration, invasion and chemoresistance of hepatoma cells ([Fig. 1E](#f1-ol-0-0-11835){ref-type="fig"}).

Furthermore, miR-33a can affect the chemoresistance of hepatoma cells. Meng *et al* ([@b36-ol-0-0-11835]) have demonstrated that hepatoma cells with high miR-33a-5p levels are more sensitive to cisplatin than those with low expression levels, and this cisplatin resistance can be decreased by downregulating heat shock protein family A (Hsp70) member 8 through miR-33a-5p expression ([Fig. 1F](#f1-ol-0-0-11835){ref-type="fig"}). Similarly, Hou *et al* ([@b37-ol-0-0-11835]) have reported that miR-33a overexpression in Lgr5+ hepatoma-cancer stem cells decreases ATP-binding cassette transporter A1 (ABCA1) expression, thereby reducing the resistance of these cells to doxorubicin ([Fig. 1G](#f1-ol-0-0-11835){ref-type="fig"}). Accordingly, the aforementioned study indicated that increasing the levels of miR-33a in hepatoma cells may reduce their resistance to doxorubicin ([@b37-ol-0-0-11835]).

Although most studies have illustrated that miR-33a serves as a tumor suppressor in hepatoma cells, Chang *et al* ([@b38-ol-0-0-11835]) have observed the opposite effect, reporting that miR-33a upregulation and the consequent downregulation of its target peroxisome proliferator activated receptor α promote proliferation, while inhibiting the apoptosis of hepatoma cells ([Fig. 1H](#f1-ol-0-0-11835){ref-type="fig"}). The reason underlying these opposing observations is unclear.

#### Gastric cancer

Gastric cancer is one of the most common digestive system cancers and causes major public health problems worldwide ([@b39-ol-0-0-11835]). Dietary factors are the main cause of this type of cancer, although genetic or environmental factors, such as stress, are also closely associated with it ([@b40-ol-0-0-11835]).

miR-33a serves a role in suppressing oncogenes in gastric cancer. Wang *et al* ([@b41-ol-0-0-11835]), have illustrated that miR-33a expression is decreased in gastric tumors. Increased miR-33a downregulates Pim-1 proto-oncogene (PIM1), cyclin D1 and cyclin-dependent kinase (CDK6) to impede the proliferation of gastric cancer cells, causing them to be arrested at the G~1~ stage ([Fig. 2A](#f2-ol-0-0-11835){ref-type="fig"}) ([@b41-ol-0-0-11835]). Among these three target genes, the interaction of miR-33a with PIM1 has the greatest impact on gastric cancer ([@b41-ol-0-0-11835]). Additionally, Chen *et al* ([@b42-ol-0-0-11835]) have demonstrated that miR-33a is downregulated in gastric tumor cells. miR-33a overexpression inhibits Snail family transcriptional repressor 2 (SNAI2), thereby upregulating the downstream protein E-cadherin and downregulating N-cadherin, vimentin and β-catenin, which suppresses EMT in gastric tumor cells ([@b42-ol-0-0-11835]). In addition, miR-33a downregulates Snail and Slug levels, and inhibition of the Snail/Slug signaling pathway hinders migration and invasion of these cells ([Fig. 2B](#f2-ol-0-0-11835){ref-type="fig"}) ([@b42-ol-0-0-11835]). Wu *et al* ([@b43-ol-0-0-11835]) have revealed that lncRNA CASC15 is a miRNA sponge in gastric cancer cells, as in hepatoma cells. CASC15 reduces miR-33a-5p expression, thereby upregulating the miR-33a target gene zinc finger E-Box binding homeobox 1 (ZEB1), which subsequently upregulates N-cadherin and downregulates E-cadherin, promoting the EMT and migration of gastric cancer cells ([Fig. 2C](#f2-ol-0-0-11835){ref-type="fig"}) ([@b43-ol-0-0-11835]).

#### Colorectal cancer

Colorectal cancer is the third most common malignancy and the fourth most common principal cause of tumor mortality in the world ([@b44-ol-0-0-11835]). According to a cancer research carried out in 2019, a considerable proportion (21%) of colorectal tumor cases is detected at the advanced stage ([@b45-ol-0-0-11835]). The occurrence of colorectal cancer is strongly associated with a high fat-diet, especially with a cholesterol-rich diet ([@b46-ol-0-0-11835]--[@b49-ol-0-0-11835]).

miR-33a activates the transcription of genes associated with cholesterol metabolism. Accordingly, it serves as a tumor suppressor gene in colorectal carcinoma. Wang *et al* ([@b50-ol-0-0-11835]) have reported that miR-33a can neutralize the effect of excessive cholesterol intake on the proliferation of colorectal cancer cells. While cholesterol downregulates miR-33a and consequently upregulates the miR-33a target PIM3, downregulation of PIM3 by miR-33a inhibits the phosphorylation of p21, p27 and p-MYC, and C-MYC expression, which deactivate the cell cycle-associated proteins CDK2, CDK4, cyclin B and cyclin E ([@b50-ol-0-0-11835]). Consequently, the proliferation and cell cycle progression of colorectal cancer cells are inhibited ([Fig. 2D](#f2-ol-0-0-11835){ref-type="fig"}) ([@b50-ol-0-0-11835]). Shan *et al* ([@b51-ol-0-0-11835]) have demonstrated that miR-33a and let-7e are downregulated in colorectal cancer cells. These two miRNAs can bind to ST8α-N-acetyl-neuraminide-α-2,8- sialyltransferase 1 (ST8SIA1) and consequently further inhibit the proliferation, invasion and chemoresistance of colorectal cancer cells ([Fig. 2E](#f2-ol-0-0-11835){ref-type="fig"}) ([@b51-ol-0-0-11835]). ST8SIA1 overexpression suppresses these inhibitory effects of miR-33a and let-7e ([@b51-ol-0-0-11835]). Therefore, these two miRNAs and ST8SIA1 affect colorectal cancer cells through mutual restrictions ([@b51-ol-0-0-11835]). Similarly, Yan *et al* ([@b52-ol-0-0-11835]) have illustrated that miR-33a-5p is downregulated, while its target gene methylenetetrahydrofolate dehydrogenase 2 is upregulated in colorectal carcinoma ([@b52-ol-0-0-11835]). Additionally, the proliferation, migration and cell cycle progression of colorectal carcinoma cells can be repressed by overexpressed miR-33a-5p ([Fig. 2F](#f2-ol-0-0-11835){ref-type="fig"}) ([@b52-ol-0-0-11835]).

Notably, Ibrahim *et al* ([@b53-ol-0-0-11835]) have demonstrated that miRNAs and polyethyleneimine (PEI) can form biocompatible complexes that can be used in miRNA replacement therapies. Delivery of the miR-33a/PEI complex into colorectal cancer cells suppresses tumor growth via the downregulation of PIM1 ([Fig. 2G](#f2-ol-0-0-11835){ref-type="fig"}) ([@b53-ol-0-0-11835]). This observation indicates the efficacy of such a biocomplex, which may be used as a novel treatment in colorectal cancer ([@b53-ol-0-0-11835]).

#### Pancreatic cancer

Pancreatic ductal adenocarcinoma (PDAC), also known as pancreatic cancer, is one of the most lethal malignancies in the world ([@b54-ol-0-0-11835]). In 2018, PDAC exhibited the lowest 5-year relative survival rate compared with all other solid tumors, and caused 432,242 deaths worldwide ([@b55-ol-0-0-11835]). Early-stage PDAC is asymptomatic; therefore, the manifestation of the illness is delayed ([@b54-ol-0-0-11835]). Consequently, \~50% patients are already at the metastatic stage at initial diagnosis ([@b54-ol-0-0-11835]).

miR-33a is a tumor suppressor in PDAC. Liang *et al* ([@b56-ol-0-0-11835]) have revealed that increasing the expression of downregulated miR-33a in pancreatic cancer inhibits PIM3 expression and downregulates the downstream proteins phosphorylated (p)-AKT, p-glycogen synthase kinase (GSK)-3β and β-catenin. Consequently, the AKT/GSK-3β/β-catenin signaling pathway is repressed, and the proliferation and gemcitabine-resistance of pancreatic cancer cells are inhibited ([Fig. 3A](#f3-ol-0-0-11835){ref-type="fig"}) ([@b56-ol-0-0-11835]). In another study, Liang *et al* ([@b57-ol-0-0-11835]) demonstrated that high levels of miR-33a suppress the nuclear translocation of β-catenin, thereby repressing the expression levels of downstream proteins, such as slug, vimentin, N-cadherin, survivin, cyclin D1 and multidrug resistance 1. Consequently, the gemcitabine-sensitivity of pancreatic cancer cells is increased, and the proliferation and EMT of pancreatic tumor cells are suppressed ([Fig. 3B](#f3-ol-0-0-11835){ref-type="fig"}) ([@b57-ol-0-0-11835]).

#### Gallbladder cancer

Gallbladder cancer is a rare malignancy. The incidence of gallbladder cancer is higher in developing countries compared with developed countries ([@b58-ol-0-0-11835]).

miR-33a represses carcinogenesis in gallbladder cancer. Zhang *et al* ([@b59-ol-0-0-11835]) have demonstrated that upregulating miR-33a in IL-6-induced gallbladder carcinoma cells downregulates the downstream protein N-cadherin and upregulates E-cadherin via the downregulation of the miR-33a target TWIST1. Consequently, the EMT, proliferation, migration and invasion of gallbladder tumor cells are inhibited ([Fig. 3C](#f3-ol-0-0-11835){ref-type="fig"}) ([@b59-ol-0-0-11835]).

#### Esophageal squamous cell carcinoma (ESCC)

ESCC accounts for \~90% of esophageal cancer cases ([@b60-ol-0-0-11835]). The causes of ESCC are associated with economic status and unhealthy habits, such as smoking and alcohol abuse ([@b61-ol-0-0-11835]).

miR-33a acts as a tumor suppressor in ESCC. It targets and downregulates ZEB1 and thereby suppresses ESCC proliferation and migration ([Fig. 3D](#f3-ol-0-0-11835){ref-type="fig"}) ([@b62-ol-0-0-11835]). Notably, lncRNA differentiation antagonizing non-protein coding RNA (DANCR) downregulates miR-33a-5p levels through miRNA sponging in ESCC ([@b62-ol-0-0-11835]). Wang *et al* ([@b63-ol-0-0-11835]) have detected the regulatory network linc-ROR-miRNA-SRY-box 9 (SOX9) in ESCC. Linc-ROR inhibits the expression of multiple miRNAs, including miR-33a, and consequently upregulates their target gene SOX9, which confers stem cell-like properties and promotes cell proliferation ([Fig. 3E](#f3-ol-0-0-11835){ref-type="fig"}) ([@b63-ol-0-0-11835]).

#### Respiratory system cancers

As one of the most common types of cancer in the world, lung cancer causes the majority of tumor-associated deaths; in 2018, 2.1 million patients with lung cancer were diagnosed, and lung cancer caused 1.8 million deaths worldwide ([@b7-ol-0-0-11835]). In China, the main causes of lung carcinoma are air pollution and smoking ([@b64-ol-0-0-11835]). There are two types of lung cancer, small cell lung carcinoma and non-small cell lung carcinoma (NSCLC), and the latter can be further divided into three subtypes: Squamous cell cancer, adenocarcinoma and large-cell carcinoma. Most cases of lung cancer (80-85%) are NSCLC ([@b64-ol-0-0-11835]).

#### NSCLC

Du *et al* ([@b65-ol-0-0-11835]) have indicated that miR-33a is downregulated in NSCLC cells, and that the proliferation of NSCLC cells is subdued by upregulating miR-33a, which downregulates its target gene methyltransferase-like 3 and the subsequent downstream proteins epidermal growth factor receptor, tafazzin, mitogen-activated protein kinase-activated protein kinase 2 and DNA methyltransferase 3A ([Fig. 4A](#f4-ol-0-0-11835){ref-type="fig"}). Additionally, Kang *et al* ([@b66-ol-0-0-11835]) have observed that miR-33a is downregulated in NSCLC cells, and its upregulation represses the proliferation, migration and cell cycle progression of these cells by downregulating its target gene Cullin associated and neddylation dissociated 1 and subsequent downstream proteins cyclin D1, c-Jun and S-phase kinase associated protein 2 ([Fig. 4B](#f4-ol-0-0-11835){ref-type="fig"}). Amaar and Reeves ([@b67-ol-0-0-11835]) have demonstrated that the oncogene Ras association domain family member 1 (RAFFS1C) downregulates miR-33a-5p, whereby the miR-33a-5p target ABCA1 is upregulated, enhancing the chemoresistance of NSCLC cells. Additionally, the aforementioned study has indicated that RAFFS1C promotes the EMT, proliferation and migration of NSCLC cells by downregulating miR-33a-5p and upregulating β-catenin, SNAIL and vimentin ([Fig. 4C](#f4-ol-0-0-11835){ref-type="fig"}) ([@b67-ol-0-0-11835]). Furthermore, Yang *et al* ([@b68-ol-0-0-11835]) have observed that miR-33a is downregulated in NSCLC. miR-33a targets TWIST1, whereby the downstream proteins vimentin and cadherin-1 are downregulated, and the EMT and migration of NSCLC cells are suppressed ([Fig. 4D](#f4-ol-0-0-11835){ref-type="fig"}) ([@b68-ol-0-0-11835]). Kang *et al* ([@b69-ol-0-0-11835]) have demonstrated that the oncogene transcription factor AP-2 γ is overexpressed in NSCLC cells and downregulates miR-33a. Consequently, the miR-33a target CDK6 is upregulated, whereby the cell cycle progression and tumor development of NSCLC cells are enhanced ([Fig. 4E](#f4-ol-0-0-11835){ref-type="fig"}) ([@b69-ol-0-0-11835]). Wang *et al* ([@b70-ol-0-0-11835]) have revealed that overexpression of circular-CCDC66 downregulates miR-33a-5p in NSCLC cells, consequently upregulating the miR-33a-5p target karyopherin subunit α4 and promoting tumorigenesis and development of NSCLC ([Fig. 4F](#f4-ol-0-0-11835){ref-type="fig"}).

#### Untyped lung cancer

Li *et al* ([@b71-ol-0-0-11835]) have confirmed that miR-33a-5p is downregulated in lung tumor cells. By acting on its target gene mTOR and downstream proteins p-p70S6K and p-eukaryotic translation initiation factor 4E binding protein 1 (4EBP1), miR-33a-5p inhibits the mTOR signaling pathway, inhibits proliferation and reduces celastrol resistance in lung cancer cells ([Fig. 4G](#f4-ol-0-0-11835){ref-type="fig"}) ([@b71-ol-0-0-11835]). Additionally, Kuo *et al* ([@b72-ol-0-0-11835]) have demonstrated that miR-33a is downregulated in lung cancer and that its overexpression represses bone metastasis by downregulating parathyroid hormone-related protein and its downstream protein interleukin (IL)-8 ([Fig. 4H](#f4-ol-0-0-11835){ref-type="fig"}). Pan *et al* ([@b73-ol-0-0-11835]) have illustrated that lncRNA JPX transcript, XIST activator downregulates miR-33a-5p in lung cancer cells through miRNA sponging. This downregulation upregulates the target gene TWIST1 and activates the Wnt/β-catenin signaling pathway, subsequently promoting lung cancer cell proliferation and metastasis ([Fig. 4I](#f4-ol-0-0-11835){ref-type="fig"}) ([@b73-ol-0-0-11835]). Rice *et al* ([@b74-ol-0-0-11835]) have observed that thyroid transcription factor-1 binds to the promoter of SREBF2, which is the host gene of miR-33a, and activates miR-33a transcription. miR-33a subsequently downregulates its target, HMGA2, whereby the migration of lung cancer cells is suppressed ([Fig. 4J](#f4-ol-0-0-11835){ref-type="fig"}) ([@b74-ol-0-0-11835]). Additionally, Zhu *et al* ([@b75-ol-0-0-11835]) have demonstrated that miR-33a expression is decreased in lung cancer cells, while increasing miR-33a expression downregulates β-catenin and causes G~1~/S phase arrest, thereby suppressing cancer cell proliferation ([Fig. 4K](#f4-ol-0-0-11835){ref-type="fig"}). Boldrini *et al* ([@b76-ol-0-0-11835]) have indicated that patients with lung cancer with high miR-33a expression and low programmed cell death protein 1 expression in the tumor tissues have an improved prognosis and a higher survival rate ([Fig. 4L](#f4-ol-0-0-11835){ref-type="fig"}). Therefore, high levels of miR-33a may be a favorable prognostic indicator for lung cancer ([@b76-ol-0-0-11835]).

### Head and neck cancer

#### Laryngeal carcinoma

Laryngeal cancer is one of the most frequent head and neck malignancies ([@b77-ol-0-0-11835]). Most patients with laryngeal cancer (95%) have the habit of smoking or consuming alcohol ([@b78-ol-0-0-11835]). Karatas ([@b79-ol-0-0-11835]) demonstrated that high levels of miR-33a inhibit the proliferation of laryngeal carcinoma cells and promote apoptosis via downregulation of PIM1 ([Fig. 5A](#f5-ol-0-0-11835){ref-type="fig"}).

#### Tongue squamous carcinoma (TSCC)

TSCC is one of the most aggressive oral cancers, accounting for \~41% of oral cancer cases ([@b80-ol-0-0-11835]). miR-33a acts as a tumor suppressor in TSCC. Zuo *et al* ([@b81-ol-0-0-11835]) have reported that lncRNA CASC15 downregulates miR-33a-5p by miRNA sponging, thereby upregulating the miR-33a-5p target ZEB1 and enhancing the proliferation, migration and cell cycle of TSCC cells ([Fig. 5B](#f5-ol-0-0-11835){ref-type="fig"}).

### Skin cancer

#### Melanoma

Melanoma is the fifth and seventh most common malignant tumor in males and females, respectively ([@b82-ol-0-0-11835]). Melanoma-associated mortality accounts for 80% of skin cancer-associated deaths, and the occurrence has notably increased in previous years ([@b83-ol-0-0-11835]). The cause of this disease is associated with both environmental and genetic factors, such as sex, family history, geographical location and sun exposure ([@b84-ol-0-0-11835]).

miR-33a suppresses melanoma. Zhou *et al* ([@b83-ol-0-0-11835]) have illustrated that miR-33a overexpression inhibits the proliferation, invasion, migration and promotes apoptosis of malignant melanoma cells by downregulating its target gene HIF1A ([Fig. 5C](#f5-ol-0-0-11835){ref-type="fig"}). Cao *et al* ([@b85-ol-0-0-11835]) have indicated that miR-33a-5p expression is decreased in melanoma cells. High miR-33a-5p expression downregulates HIF1A and the downstream proteins lactate dehydrogenase A, hexokinase 1 (HK1) and HK2, thereby repressing the glycolysis process and increasing the radiation sensitivity of melanoma cells ([Fig. 5C](#f5-ol-0-0-11835){ref-type="fig"}) ([@b85-ol-0-0-11835]). Tian *et al* ([@b86-ol-0-0-11835]) have revealed that miR-33a targets and downregulates CDK16 in melanoma, consequently subduing the phosphorylation of p27. As a result, the degradation of p27 is reduced, and the proliferation of melanoma cells is inhibited ([Fig. 5D](#f5-ol-0-0-11835){ref-type="fig"}) ([@b86-ol-0-0-11835]). Lv *et al* ([@b87-ol-0-0-11835]) have demonstrated that lncRNA colon cancer associated transcript 1 downregulates miR-33a through miRNA sponging to promote the proliferation, migration and invasion of melanoma cells. Additionally, Fu *et al* ([@b88-ol-0-0-11835]) have illustrated that lncRNA paternally expressed 10 (PEG10) inhibits melanoma cell proliferation, migration and invasion by downregulating miR-33a and activating the PI3K/AKT and mTOR signaling pathways.

### Urinary system cancer

#### Renal cancer

Renal cancer incidence in males is double as that in females ([@b89-ol-0-0-11835]). The morbidity of renal cancer has been increasing in recent years ([@b90-ol-0-0-11835]). Jiang *et al* ([@b91-ol-0-0-11835]) have demonstrated that miR-33a serves as a tumor suppressor in renal cancer. Low miR-33a levels in renal cancer cells lead to the upregulation of its target gene mouse double minute 4 ([Fig. 5E](#f5-ol-0-0-11835){ref-type="fig"}) ([@b91-ol-0-0-11835]). Consequently, the proliferation of the cancer cells increases, causing poor overall survival in patients with renal cancer ([@b91-ol-0-0-11835]).

### Endocrine system cancer

#### Thyroid cancer

Thyroid cancer incidence has notably increased in the past few years, and according to a study published in 2020, it has been predicted that thyroid cancer will be the fourth leading type of cancer in the world ([@b92-ol-0-0-11835]). Takeshita *et al* ([@b93-ol-0-0-11835]) have illustrated that actin filament associated protein 1 like 2, a novel protein, suppresses miR-33a expression in thyroid cancer cells, thereby upregulating the miR-33a target MYC, which facilitates the proliferation of thyroid cancer cells ([Fig. 5F](#f5-ol-0-0-11835){ref-type="fig"}).

### Nervous system cancer

#### Glioma

Glioma is the most common and deadly malignancy of the central nervous system ([@b94-ol-0-0-11835]). The main causes of glioma are congenital factors and carcinogenic environmental exposure ([@b94-ol-0-0-11835]). Studies have indicated that miR-33a acts as an oncogene in glioma. Chang *et al* ([@b95-ol-0-0-11835]) have revealed that miR-33a is upregulated in glioma cells. Consequently, the miR-33a target sirtuin 6 (SIRT6) is downregulated, reducing the levels of cleaved caspase 8 and BAX, and promoting Bcl-2 expression ([@b95-ol-0-0-11835]). Downregulation of SIRT6 increases the phosphorylation level of Janus kinase 2 (JAK2) and STAT3, enhancing the JAK2/STAT3 pathway, which attenuates H~2~O~2~-induced oxidative stress and suppresses apoptosis in glioma cells, and thus miR-33a overexpression inhibits apoptosis in glioma ([Fig. 6A](#f6-ol-0-0-11835){ref-type="fig"}) ([@b95-ol-0-0-11835]). Wang *et al* ([@b96-ol-0-0-11835]) have demonstrated that miR-33a overexpression downregulates phosphodiesterase 8A (PDE8A) and UV radiation resistance associated (UVRAG), and upregulates their downstream proteins p-CREB and Notch intracellular domain, respectively, in glioma cells. Consequently, the cAMP/protein kinase A (PKA) and NOTCH signaling pathways are promoted, which enhance the self-renewal of glioma-initiating cells ([Fig. 6B](#f6-ol-0-0-11835){ref-type="fig"}) ([@b96-ol-0-0-11835]).

### Musculoskeletal system cancer

#### Osteosarcoma

Osteosarcoma is a primary bone tumor, which accounts for 60% of all patients with sarcoma ([@b97-ol-0-0-11835]), and is more common in children and young adults than in adults ([@b98-ol-0-0-11835]). The role of miR-33a in osteosarcoma is controversial. Jiang *et al* ([@b99-ol-0-0-11835]) have observed that lncRNA DANCR is a miRNA sponge in osteosarcoma cells. DANCR targets and downregulates miR-33a-5p, resulting in the upregulation of AXL receptor tyrosine kinase (AXL), a target gene of miR-33a-5p ([@b99-ol-0-0-11835]). Consequently, the PI3K/AKT signaling pathway is activated, with the upregulation of the downstream genes AKT, mTOR, ribosomal protein S6K (S6K) and 4EBP1 ([@b99-ol-0-0-11835]). These molecular changes eventually promote cell proliferation and osteosarcoma development ([Fig. 6C](#f6-ol-0-0-11835){ref-type="fig"}) ([@b99-ol-0-0-11835]). Huang *et al* ([@b100-ol-0-0-11835]) have illustrated that lovastatin enhances miR-33a expression in osteosarcoma. Therefore, the miR-33a target cysteine-rich angiogenic inducer 61 and downstream protein N-cadherin are downregulated, while E-cadherin is upregulated, whereby the EMT and invasion of tumor cells are suppressed ([Fig. 6D](#f6-ol-0-0-11835){ref-type="fig"}) ([@b100-ol-0-0-11835]). Zhang *et al* ([@b101-ol-0-0-11835]) have illustrated that miR-33a-5p expression is downregulated in osteosarcoma cells compared with in normal tissues, and overexpressing miR-33a-5p suppresses cell proliferation in osteosarcoma.

In contrast to the aforementioned studies, Zhou *et al* ([@b102-ol-0-0-11835]) have observed miR-33a upregulation in osteosarcoma. Consequently, the miR-33a target TWIST1 is downregulated, whereby the cisplatin resistance of osteosarcoma cells is enhanced, while their apoptosis is suppressed ([Fig. 6E](#f6-ol-0-0-11835){ref-type="fig"}) ([@b102-ol-0-0-11835]).

### Male and female cancer

#### Prostate cancer (PC)

PC is the second most common cause of male-cancer-associated deaths worldwide ([@b103-ol-0-0-11835]). Androgen is generally considered as the main inducer of PC. High androgen levels are accordingly associated with a high risk of PC. In addition, PC is associated with carcinogenic environmental exposure, an unhealthy diet and genetic factors ([@b104-ol-0-0-11835],[@b105-ol-0-0-11835]).

Abnormal downregulation of miR-33a is observed in PC. Karatas *et al* ([@b106-ol-0-0-11835]) have revealed that miR-33a downregulation increases the expression levels of PIM1 and other lipid β-oxidation pathway proteins, such as carnitine palmitoyltransferase 1A and hydroxyacyl-CoA dehydrogenase trifunctional multienzyme complex subunit β, thereby enhancing the proliferation of PC cells ([Fig. 7A](#f7-ol-0-0-11835){ref-type="fig"}). Li *et al* ([@b107-ol-0-0-11835]) have demonstrated that miR-33a is a tumor suppressor in PC, and high levels of miR-33a downregulate its target gene engrailed homeobox 2, thereby suppressing the proliferation, migration and invasion of PC cells ([Fig. 7B](#f7-ol-0-0-11835){ref-type="fig"}). Dai *et al* ([@b108-ol-0-0-11835]) have demonstrated that miR-33a-5p is downregulated in PC cells. miR-33a-5p overexpression in PC cells downregulates its target gene transforming growth factor β receptor 1 (TGFBRI), leading to the repression of the TGF-β signaling pathway and suppressing PC invasion and migration ([@b108-ol-0-0-11835]). Additionally, ZEB1, a downstream protein of the TGF-β signaling pathway, is consequently downregulated, suppressing bone metastasis ([@b108-ol-0-0-11835]). Furthermore, ZEB1 downregulation inhibits EMT by downregulating vimentin and upregulating fibronectin in PC cells ([Fig. 7C](#f7-ol-0-0-11835){ref-type="fig"}) ([@b108-ol-0-0-11835]).

#### Breast cancer

Breast carcinoma is the leading cause of female-cancer-associated deaths worldwide ([@b109-ol-0-0-11835]). It is mainly associated with age, long-term excessive alcohol consumption, genetic factors and long-term use of exogenous estrogen ([@b110-ol-0-0-11835],[@b111-ol-0-0-11835]).

miR-33a acts as a tumor suppressor in breast carcinoma. Zhang *et al* ([@b112-ol-0-0-11835]) have demonstrated that miR-33a is downregulated in breast cancer cells. Increased miR-33a levels downregulate its target genes ROS1 and ADAM metallopeptidase domain 9, and thus inhibits tumor cell proliferation and migration ([Fig. 7D](#f7-ol-0-0-11835){ref-type="fig"}) ([@b112-ol-0-0-11835]). Additionally, Wolfe *et al* ([@b113-ol-0-0-11835]) have demonstrated that miR-33a is downregulated in inflammatory breast tumor cells. Notably, miR-33a can decrease high-density-lipoprotein (HDL)-induced radio-sensitivity by downregulating ABCA1 in breast cancer cells ([Fig. 7E](#f7-ol-0-0-11835){ref-type="fig"}) ([@b113-ol-0-0-11835]). Zeng *et al* ([@b114-ol-0-0-11835]) have demonstrated that miR-33a expression is downregulated in triple-negative breast cancer (TNBC) cells, whereas the miR-33a target enhancer of zeste homolog 2 is upregulated. The high levels of miR-33a in TNBC cells can inhibit the proliferation and migration of these cells ([Fig. 7F](#f7-ol-0-0-11835){ref-type="fig"}) ([@b114-ol-0-0-11835]). Guan *et al* ([@b115-ol-0-0-11835]) have illustrated that compared with non-TNBC cells, miR-33a-5p expression is significantly lower in TNBC cells, and miR-33a-5p overexpression downregulates its target gene eukaryotic translation initiation factor 5A2 (eIF5A2) and increases the sensitivity of TNBC cells to doxorubicin. Additionally, eIF5A2 downregulation decreases vimentin expression, while increasing that of E-cadherin, thereby inhibiting the EMT of TNBC cells ([Fig. 7G](#f7-ol-0-0-11835){ref-type="fig"}) ([@b115-ol-0-0-11835]).

3.. Discussion
==============

The involvement of miRNAs in cancer is an exciting research field, but the association and mechanism of interaction between miRNAs and cancer remain at the preliminary stages of research. Studies have indicated that miR-33a affects cell proliferation, migration, metastasis, invasion and other biological processes by acting on 38 different target genes, thereby affecting the cell cycle, apoptosis, self-renewal and resistance to traditional chemotherapy and radiation therapy in cancer cells. Therefore, the prognosis and survival rate of patients with cancer may be predicted based on the levels of miR-33a.

### Diverse roles of miR-33a in cancer

To date, studies have revealed that miR-33a is a tumor suppressor gene and is downregulated in numerous types of cancer, such as liver carcinoma, lung cancer, colorectal carcinoma, PC and melanoma, whereas it is upregulated in glioma cells and acts as an oncogene. In addition, it is important to note that miR-33a serves different roles in osteosarcoma. Three studies ([@b99-ol-0-0-11835]--[@b101-ol-0-0-11835]) have illustrated that miR-33a is downregulated in osteosarcoma, and that its overexpression suppresses the proliferation, invasion and migration of osteosarcoma cells. By contrast, Zhou *et al* ([@b102-ol-0-0-11835]) reported that miR-33a is upregulated in osteosarcoma and inhibits the apoptosis of osteosarcoma cells with cisplatin-resistance. However, these opposing observations in osteosarcoma cells are not specific to miR-33a, and there are studies presenting contrasting expression patterns in the same types of cancer for other miRNAs. For example, Jang *et al* ([@b116-ol-0-0-11835]) have revealed that miR-708 is an oncogene in NSCLC, and its increased expression in NSCLC is associated with a low survival rate in non-smoker patients with lung cancer. By contrast, Wu *et al* ([@b117-ol-0-0-11835]) have demonstrated that miR-708-5p is a tumor suppressor gene in NSCLC, and that miR-708-5p overexpression inhibits the invasion and metastasis of NSCLC cells. Abnormal miRNA expression in cancer may occur via various mechanisms, but the precise mechanistic details of aberrant miR-33a expression in tumors have not been clearly determined, and further research is required. Furthermore, it remains unclear why there are opposing observations regarding the expression patterns of miR-33a in osteosarcoma cells.

### Target genes of miR-33a in malignancies

Among the 38 target genes mentioned in the literature ([Table I](#tI-ol-0-0-11835){ref-type="table"}), 8 have been verified in different types of cancer: TWIST1 in hepatocellular carcinoma, gallbladder cancer, lung cancer and osteosarcoma; β-catenin in hepatocellular carcinoma, pancreatic cancer and lung cancer; HMGA2 in hepatocellular carcinoma and lung cancer; ABCA1 in hepatocellular carcinoma, NSCLC and breast carcinoma; CDK6 in gastric and lung cancer; PIM1 in gastric, colorectal, laryngeal and prostate cancer; PIM3 in pancreatic and colorectal cancer; and ZEB1 in gastric cancer, esophageal squamous carcinoma and tongue squamous cell carcinoma. These target genes may be reliable therapeutic targets as the target genes of miR-33a. In addition, future studies should continue to investigate this miRNA and its eight target genes in other types of cancer that have not been analyzed yet, to explore whether these genes have similar interactions and mechanisms affecting these other types of cancer. The remaining 30 target genes are currently only validated in one type of cancer each, and thus, these target genes have great research potential. The expression levels, mechanism and reliability of miR-33a and its association with these targets in other types of cancer should be further explored. The reliability of their interactions and underlying mechanistic details in cancer should also be assessed.

### Signaling pathways affected by miR-33a in carcinogenesis

The mechanisms underlying miR-33a-mediated carcinogenesis are extremely complex and involve multiple signaling pathways. There are nine signaling pathways mentioned in the literature, namely the Wnt/β-catenin, Snail/Slug, AKT/GSK-3β/β-catenin, mTOR, TGF-β, JAK2/STAT3, PKA, NOTCH and PI3K/AKT signaling pathways.

Liu *et al* ([@b29-ol-0-0-11835]) have revealed that PNMA1, a target gene of miR-33a, is upregulated in hepatocellular carcinoma. PNMA1 upregulation enables β-catenin to translocate to the nucleus of hepatoma cells, stimulating Wnt/β-catenin signal transduction, and consequently promoting the proliferation and EMT of hepatoma cells. Fang *et al* ([@b32-ol-0-0-11835]) have illustrated that miR-33a also directly targets β-catenin and thus inhibits the proliferation of hepatoma cells. In general, GSK-3β regulates the phosphorylation and degradation of β-catenin ([@b118-ol-0-0-11835]), but a study by Fang *et al* ([@b32-ol-0-0-11835]) has indicated that GSK-3β is not associated with the miR-33a-mediated downregulation of β-catenin in hepatoma cells. Liang *et al* ([@b56-ol-0-0-11835]) have revealed that PIM3, a target of miR-33a, may regulate the AKT and Wnt/β-catenin signaling pathways. PIM3 upregulation in pancreatic cancer increases the phosphorylation of GSK-3β and AKT, and the expression levels of β-catenin ([@b56-ol-0-0-11835]). Therefore, miR-33a and PIM3 may act on the AKT/Wnt/β-catenin signaling pathway to inhibit the proliferation and gemcitabine-resistance of pancreatic tumors ([@b56-ol-0-0-11835]). In lung cancer, Pan *et al* ([@b73-ol-0-0-11835]) have demonstrated that miR-33a downregulation upregulates its target gene TWIST1 and activates the Wnt/β-catenin signaling pathway, subsequently promoting lung cancer cell proliferation and metastasis. TWIST1 upregulation, GSK-3β downregulation and activation of the Wnt/β-catenin signaling pathway have also been observed in NSCLC by Zheng *et al* ([@b119-ol-0-0-11835]). According to the aforementioned studies, the association between miR-33a and the Wnt/β-catenin signaling pathway in hepatocellular carcinoma, pancreatic cancer and lung cancer remains unclear and requires further clarification in the future.

Chen *et al* ([@b42-ol-0-0-11835]) have revealed that miR-33a inhibits the EMT, invasion and migration of gastric tumor cells by targeting SNAI2 to deactivate the Snail/Slug signaling pathway, which also serves a similar role in tongue squamous cell carcinoma ([@b120-ol-0-0-11835]) and thyroid cancer ([@b121-ol-0-0-11835]). Cao *et al* ([@b122-ol-0-0-11835]) have reported that, in invasive ductal carcinoma, SNAI2 promotes the EMT process by inhibiting E-cadherin expression. Slug is encoded by the SNAI2 gene, and the two constitute the Snail/Slug signaling pathway. Nevertheless, the specific mechanism of miR-33a in this signaling pathway has not been thoroughly clarified yet.

Liang *et al* ([@b56-ol-0-0-11835]) have demonstrated that miR-33a upregulation in pancreatic cancer downregulates PIM3 and inhibits the AKT/GSK-3β/β-catenin signaling pathway, thus suppressing the proliferation and gemcitabine-resistance in pancreatic cells. A study by Carreras-Torres *et al* ([@b123-ol-0-0-11835]) has demonstrated that type 2 diabetes is one of the risk factors of pancreatic cancer. Furthermore, the inhibition of the AKT/GSK-3β/β-catenin signaling pathway can prevent the development of type 2 diabetes ([@b124-ol-0-0-11835]). In addition, Wijesekara *et al* ([@b125-ol-0-0-11835]) have reported that miR-33a overexpression in pancreatic tissues decreases insulin secretion, and increases blood cholesterol levels. Although miR-33a is known to suppress the AKT/GSK-3β/β-catenin signaling pathway in pancreatic cancer cells, the mechanism requires further detailed study.

mTOR can activate p70S6K and phosphorylation of 4EBP1, which are strongly associated with cancer cell proliferation ([@b126-ol-0-0-11835]). Li *et al* ([@b71-ol-0-0-11835]) have illustrated that miR-33a targets mTOR and downregulates p-p70S6K and p-4EBP1 in lung cancer, indicating that miR-33a suppresses the proliferation of lung cancer cells via the mTOR signaling pathway. In addition, Xia and Xu ([@b127-ol-0-0-11835]) have illustrated that the PI3K/AKT/mTOR signaling pathway can act altogether, and inhibiting this axis can impede the self-renewal of tumor cells, as well as the clone formation and differentiation of tumor stem cells. mTOR is a downstream protein of AKT, and phosphorylation of AKT increases mTOR expression ([@b128-ol-0-0-11835],[@b129-ol-0-0-11835]). Consequently, the expression levels of the downstream protein p70S6K and phosphorylation of 4EBP1 are upregulated, promoting the proliferation of cancer cells ([@b126-ol-0-0-11835]). Fu *et al* ([@b88-ol-0-0-11835]) have demonstrated that lncRNA PEG10 inhibits miR-33a and promotes melanoma cell proliferation, migration and invasion by activating the PI3K/AKT and mTOR signaling pathways. In osteosarcoma, Jiang *et al* ([@b99-ol-0-0-11835]) have demonstrated that lncRNA DANCR upregulates the target protein AXL in osteosarcoma cells by downregulating miR-33a-5p, thereby increasing the expression levels of the downstream proteins PI3K and AKT. Therefore, this novel regulatory network of DANCR-miR-33a-AXL-PI3K/AKT/mTOR is expected to provide a novel therapeutic target for osteosarcoma ([@b99-ol-0-0-11835]). All aforementioned studies demonstrate that miR-33a is closely associated with the proteins in the PI3K/AKT/mTOR signaling pathway, which serves a vital role in tumor development.

Dai *et al* ([@b108-ol-0-0-11835]) have demonstrated that increasing miR-33a expression in PC cells downregulates the target gene TGFBRI, leading to repression of the TGF-β signaling pathway and suppression of bone metastasis. Additionally, Fournier *et al* ([@b130-ol-0-0-11835]) have observed that blocking the TGF-β signaling pathway suppresses bone metastasis in PC. However, the inhibitory effect of miR-33a on bone metastasis in PC via suppression of the TGF-β signaling pathway remains unclear, and further research is required.

Chang *et al* ([@b95-ol-0-0-11835]) and Feng *et al* ([@b131-ol-0-0-11835]) have demonstrated that SIRT6, a target protein of miR-33a, inhibits JAK2/STAT3 signaling pathway activation in glioma cells by decreasing the phosphorylation of JAK2 and STAT3. This signaling pathway is highly activated in numerous malignant cells, including glioma cells, and its repression can inhibit tumor growth, invasion and EMT ([@b132-ol-0-0-11835],[@b133-ol-0-0-11835]). Tang *et al* ([@b134-ol-0-0-11835]) have indicated that the glioma tumor suppressor miR-876-3p downregulates its target gene kinesin family member 20A, whereby the JAK2/STAT3 signaling pathway is repressed; consequently, the proliferation, invasion and EMT of glioma cells are suppressed. High SIRT6 expression can block the growth of these cancer cells and facilitate their apoptosis. In addition, in glioma cancer cells, miR-33a targets PDE8A and UVRAG, whose overexpression activates the cAMP/PKA and NOTCH signaling pathways, respectively ([@b96-ol-0-0-11835]). Notably, the two signaling pathways can promote the self-renewal of glioma initiation cells only when simultaneously activated ([@b91-ol-0-0-11835]). In glioma, Tanabe *et al* ([@b135-ol-0-0-11835]) have revealed that the adenylyl cyclase/cAMP/PKA signaling pathway increases IL-1β-induced IL-6 synthesis by enhancing the JAK2/STAT3 signaling pathway. Liu *et al* ([@b136-ol-0-0-11835]) have illustrated that the oncogene TRPM7 promotes the proliferation, migration and invasion of glioma cells by activating the JAK2/STAT3 and Notch signaling pathways. Overall, the JAK2/STAT3, cAMP/PKA and NOTCH signaling pathways are critical in glioma. The mechanisms underlying the regulation of these signaling pathways by miR-33a require further study.

### miR-33a in tumor prognosis and treatment

Numerous studies have reported the crucial role of miR-33a in carcinogenesis. Accordingly, miR-33a may be used for the prognosis or treatment of tumors. Xie *et al* ([@b137-ol-0-0-11835]) have illustrated that low miR-33a expression is associated with tumorigenesis and poor prognosis in hepatoma. Hou *et al* ([@b138-ol-0-0-11835]) have demonstrated that adjuvant chemotherapy improves the overall and disease-free survival rates of patients with NSCLC with high miR-33a expression. Therefore, miR-33a may be used as a biomarker for NSCLC prognosis. In addition to the experimental evidence, bioinformatics studies have predicted that miR-33a expression patterns may be used as a prognostic marker in cancer. For example, Pan *et al* ([@b139-ol-0-0-11835]) have demonstrated that a two-miRNA signature consisting of miR-33a-5p and miR-128 may serve as a novel biomarker for early NSCLC detection. Kandimalla *et al* ([@b140-ol-0-0-11835]) have identified an eight-miRNA signature, which includes miR-33a, that achieved excellent prediction for colorectal tumor recurrence in stages two and three.

As aforementioned, miRNAs may be used as novel therapeutic targets for cancer ([@b9-ol-0-0-11835]). The involvement of miR-33a in carcinogenesis enables cancer treatment by modulating the expression levels of miR-33a. Previous studies have indicated that high miR-33a levels affect the chemosensitivity of hepatocellular carcinoma ([@b26-ol-0-0-11835],[@b36-ol-0-0-11835],[@b37-ol-0-0-11835]), glioma ([@b141-ol-0-0-11835]) and osteosarcoma ([@b102-ol-0-0-11835]), as well as colorectal ([@b51-ol-0-0-11835]), pancreatic ([@b56-ol-0-0-11835],[@b57-ol-0-0-11835]), lung ([@b67-ol-0-0-11835],[@b71-ol-0-0-11835]) and breast cancer ([@b115-ol-0-0-11835]). The radiosensitivity of cancer cells can also be affected by miR-33a expression; high levels of miR-33a decrease HDL-induced radiosensitivity of breast cancer ([@b113-ol-0-0-11835]), whereas in melanoma, miR-33a increases the radiosensitivity by repressing the glycolysis process ([@b85-ol-0-0-11835]).

Overall, miR-33a is a potential cancer-associated miRNA that deserves further investigation. At present, only a small part of the literature mentions the signaling pathways affected by miR-33a and its target genes in tumors. Most of the miR-33a-modulated signaling pathways associated with cancer remain unclear. Once the action mechanisms of miR-33a in cancer are clarified, it may be possible to determine high-risk cancer cases and predict prognosis according to the levels of miR-33a and its targets in the cancer cells of the patients, and effectively design targeted therapies. Finally, to the best of our knowledge, the present paper is the first review of the involvement of miR-33a and its target genes in diverse types of cancer, thereby providing comprehensive information for future research on the involvement of miR-33a in cancer.

4.. Conclusions
===============

Abnormal expression levels of miRNAs, such as miR-33a, are associated with various diseases, including cancer. In the present review, the roles of miR-33a and its 38 target genes were summarized in more than a dozen types of cancer. Among the 38 target genes of this miRNA, 8 have been confirmed in various types of cancer, while the rest have been validated in only one type of cancer each.

miR-33a and its target genes affect different biological behaviors of tumor cells, such as proliferation, metastasis, migration, invasion, cell cycle, apoptosis, self-renewal, chemoresistance and radioresistance, as well as patient outcomes, such as prognosis and survival. miR-33a serves diverse regulatory roles in cancer. It is a tumor suppressor in most types of cancer, whereas it acts as an oncogene in glioma, and it possibly serves controversial roles in osteosarcoma. These different roles of miR-33a imply that it may affect different types of cancer via different molecular mechanisms.

miR-33a participates in nine signaling pathways that are associated with cancer. These pathways are the Wnt/β-catenin, Snail/Slug, AKT/GSK-3β/β-catenin, mTOR, TGF-β, JAK2/STAT3, PKA, NOTCH and PI3K/AKT pathways, although the mechanistic details of their involvement in cancer remain elusive. Therefore, further studies are required to explore the precise mechanistic roles of miR-33a in these types of cancer, so that novel targeted treatments can be designed and developed to improve patient outcomes.
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![Roles of miR-33a and its target genes in hepatocellular carcinoma, and the underlying mechanisms. (A) miR-33a downregulation upregulates its target gene PNMA1, which further upregulates C-MYC, β-catenin, N-cadherin, fibronectin, vimentin, MMP-2 and MMP-9, while downregulates E-cadherin and claudin-1, promoting EMT, proliferation and migration. (B) HIFs and lncRNA CASC15 downregulate miR-33a and further upregulate the target gene TWIST1, which upregulates N-cadherin and vimentin, while downregulates E-cadherin, promoting EMT and invasion. (C) Aflatoxin B1 upregulates miR-33a, which inhibits its target gene β-catenin and further downstream proteins C-MYC and cyclin D1, leading to proliferation inhibition. (D) miR-33a upregulation downregulates its target gene PBX3, leading to the inhibition of proliferation, metastasis, invasion and survival. (E) LncRNA EGOT and lncRNA CRNDE downregulate miR-33a, which further upregulates its target gene HMGA2, promoting proliferation, migration, invasion and chemoresistance. (F) miR-33a upregulation downregulates its target gene HSPA8, inhibiting chemoresistance. (G) miR-33a upregulation downregulates its target gene ABCA1, inhibiting chemoresistance. (H) miR-33a upregulation downregulates its target gene PPARα, promoting proliferation and inhibiting apoptosis. Red represents the factor causing miR-33a dysregulation; blue represents miR-33a; yellow represents the target genes of miR-33a; orange represents the downstream proteins; light green represents the signaling pathways and EMT processes; dark green represents the biological processes of cancer cells. miR, microRNA; PNMA1, paraneoplastic antigen Ma1; MMP, matrix metalloproteinase; TWIST, Twist basic helix-loop-helix transcription factor 1; EMT, epithelial-mesenchymal transition; PBX3, pre-B-cell leukemia transcription factor 3; HSPA8, heat shock protein family A (Hsp70) member 8; ABCA1, ATP-binding cassette transporter A1; PPARα, peroxisome proliferator activated receptor α.](ol-20-03-2537-g00){#f1-ol-0-0-11835}

![Roles of miR-33a and its target genes in gastric (top) and colorectal (bottom) cancer, and the underlying mechanisms. (A) miR-33a upregulation downregulates its target genes PIM1, CCND1 and CDK6, which inhibit proliferation and cell cycle. (B) miR-33a upregulation inhibits its target gene SNAI2, which further downregulates N-cadherin, vimentin, β-catenin, Snail and Slug, while upregulates E-cadherin, leading to the inhibition of EMT, migration and invasion. (C) LncRNA CASC15 inhibits miR-33a and further upregulates its target gene ZEB1, which upregulates N-cadherin and downregulates E-cadherin, promoting EMT and proliferation. (D) miR-33a upregulation inhibits its target gene PIM3, which further downregulates the downstream proteins p-p21 (upregulating p21), p-p27 (upregulating p27), p-MYC, C-MYC, CDK2, CDK4, cyclin B and cyclin E, leading to proliferation and cell cycle inhibition. (E) miR-33a upregulation downregulates its target gene ST8SIA1, inhibiting proliferation, invasion and chemoresistance. (F) miR-33a upregulation downregulates its target gene MTHFD2, inhibiting proliferation, migration and cell cycle. (G) miR-33a upregulation downregulates its target gene PIM1, inhibiting tumor growth. Red represents the factor causing miR-33a dysregulation; blue represents miR-33a; yellow represents the target genes of miR-33a; orange represents the downstream proteins; light green represents the signaling pathways and EMT processes; dark green represents the biological processes of cancer cells. miR, microRNA; EMT, epithelial-mesenchymal transition; p, phosphorylated; PIM1/3, Pim-1/3 proto-oncogene; CCND1, cyclin D1; CDK, cyclin-dependent kinase; SNAI2, Snail family transcriptional repressor 2; ZEB1, Zinc finger E-Box binding homeobox 1; ST8SIA1, ST8α-N-acetyl-neuraminide-α-2,8-sialyltransferase 1; MTHFD2, methylenetetrahydrofolate dehydrogenase 2.](ol-20-03-2537-g01){#f2-ol-0-0-11835}

![Roles of miR-33a and its target genes in pancreatic cancer (top), and gallbladder (bottom left) and esophageal squamous (bottom middle and right) carcinoma, and the underlying mechanisms. (A) miR-33a upregulation inhibits its target gene PIM3; this further downregulates p-AKT, p-GSK-3β and β-catenin, leading to proliferation inhibition and chemosensitivity promotion. (B) miR-33a upregulation inhibits its target gene β-catenin, further downregulating slug, vimentin, N-cadherin, survivin, cyclin D1 and MDR-1, leading to EMT inhibition and chemosensitivity promotion. (C) miR-33a upregulation inhibits its target gene TWIST1, further downregulating N-cadherin and upregulating E-cadherin, leading to inhibition of EMT, proliferation, migration and invasion. (D) miR-33a upregulation downregulates its target gene ZEB1, inhibiting proliferation and migration. (E) Linc-ROR downregulates miR-33a, further upregulating its target gene SOX9, which promotes proliferation. Red represents the factor causing miR-33a dysregulation; blue represents miR-33a; yellow represents the target genes of miR-33a; orange represents the downstream proteins; light green represents the signaling pathways and EMT processes; dark green represents the biological processes of cancer cells. miR, microRNA; EMT, epithelial-mesenchymal transition; p-, phosphorylated; PIM3, Pim-3 proto-oncogene; GSK, glycogen synthase kinase; MDR-1, multidrug resistance 1; SOX9, SRY-box 9; TWIST1, Twist basic helix-loop-helix transcription factor 1; ZEB1, Zinc finger E-Box binding homeobox 1.](ol-20-03-2537-g02){#f3-ol-0-0-11835}

![Roles of miR-33a and its target genes in non-small cell lung cancer (top) and untyped lung cancer (bottom), and the underlying mechanisms. (A) miR-33a upregulation inhibits its target gene METTL3, further downregulating EGFR, TAZ, MAPKAPK2 and DNMT3A, leading to proliferation inhibition. (B) miR-33a upregulation inhibits its target gene CAND1, further downregulating cyclin D1, c-Jun and Skp2, leading to inhibition of proliferation, migration and cell cycle. (C) RAFFS1C inhibits miR-33a and further upregulates its target gene ABCA1, as well as β-catenin, SNAIL and vimentin, leading to promotion of EMT, proliferation, migration and chemoresistance. (D) miR-33a upregulation inhibits its target gene TWIST1, further downregulating vimentin and CDH1, leading to inhibition of EMT and migration. (E) TFAP2C inhibits miR-33a and further upregulates its target gene CDK6, which promotes cell cycle progression and tumor development. (F) circular-CCDC66 inhibits miR-33a and further upregulates its target gene KPNA4, which promotes tumor development. (G) miR-33a upregulation inhibits its target gene mTOR, downregulating p-p70S6K and p-4EBP1, leading to inhibition of proliferation and chemoresistance. (H) miR-33a upregulation inhibits its target gene PTHrP, downregulating IL-8 and leading to metastasis inhibition. (I) lncRNA JPX inhibits miR-33a and further upregulates its target gene TWIST1, leading to promotion of proliferation and metastasis. (J) TTF-1 upregulates miR-33a and further downregulates its target gene HMGA2, which inhibits migration. (K) miR-33a upregulation downregulates its target gene β-catenin, which inhibits proliferation and cell cycle. (L) miR-33a upregulation downregulates its target gene PD-1, resulting in a better prognosis. Red represents the factor causing miR-33a dysregulation; blue represents miR-33a; yellow represents the target genes of miR-33a; orange represents the downstream proteins; light green represents the signaling pathways and EMT processes; dark green represents the biological processes of cancer cells. miR, microRNA; EMT, epithelial-mesenchymal transition; p-, phosphorylated; DNMT3A, DNA methyltransferase 3A; MAPKAPK2, mitogen-activated protein kinase-activated protein kinase 2; PTHrP, parathyroid hormone-related protein; TAZ, tafazzin; Skp2, S-phase kinase associated protein 2; METTL3, methyltransferase-like 3; EGFR, epidermal growth factor receptor; CAND1, Cullin associated and neddylation dissociated 1; ABCA1, ATP-binding cassette transporter A1; TWIST1, Twist basic helix-loop-helix transcription factor 1; CDH1, cadherin 1; CDK6, cyclin-dependent kinase 6; KPNA4, karyopherin subunit α4; IL-8, interleukin-8; HMGA2, high mobility group AT-hook 2; PD-1, programmed cell death protein 1.](ol-20-03-2537-g03){#f4-ol-0-0-11835}

![Roles of miR-33a and its target genes in laryngeal (top left) and tongue squamous (top right) carcinoma, melanoma (bottom left and middle), renal cancer (bottom middle) and thyroid cancer (bottom right), and the underlying mechanisms. (A) miR-33a upregulation downregulates its target gene PIM1, inhibiting proliferation and promotes apoptosis. (B) LncRNA CASC15 downregulates miR-33a and further upregulates its target gene ZEB1, which promotes proliferation, migration and cell cycle. (C) miR-33a upregulation inhibits its target gene HIF1A, downregulating LDHA, HK1 and HK2, leading to inhibition of glycolysis, proliferation, migration, invasion and promotion of apoptosis. (D) miR-33a upregulation inhibits its target gene CDK16, downregulating p27, leading to inhibition of proliferation. (E) miR-33a downregulation upregulates its target gene MDM4, which promotes proliferation and results in poor survival. (F) XB130 downregulates miR-33a and further upregulates its target gene MYC, which promotes proliferation. Red represents the factor causing miR-33a dysregulation; blue represents miR-33a; yellow represents the target genes of miR-33a; orange represents the downstream proteins; light green represents the signaling pathways and EMT processes; dark green represents the biological processes of cancer cells. miR, microRNA; PIM1, Pim-1 proto-oncogene; ZEB1, Zinc finger E-Box binding homeobox 1; HIF1A, hypoxia inducible factor 1 subunit α; LDHA, lactate dehydrogenase A; HK, hexokinase; CDK, cyclin-dependent kinase; MDM4, mouse double minute 4.](ol-20-03-2537-g04){#f5-ol-0-0-11835}

![Roles of miR-33a and its target genes in glioma (top) and osteosarcoma (bottom), and the underlying mechanisms. (A) miR-33a upregulation inhibits its target gene SIRT6, upregulating Bcl-2, p-JAK2 and p-STAT3, while downregulating cleaved caspase 8 and BAX, leading to apoptosis inhibition. (B) miR-33a upregulation downregulates its target genes PDE8A and UVRAG, upregulating p-CREB and NICD, leading to self-renewal promotion. (C) LncRNA DANCR downregulates miR-33a and further upregulates its target gene AXL, which upregulates AKT, mTOR, S6K and 4EBP1, leading to proliferation promotion. (D) Lovastatin upregulates miR-33a and inhibits its target gene CYR61, downregulating N-cadherin and upregulating E-cadherin, leading to inhibition of EMT and invasion. (E) miR-33a upregulation downregulates TWIST1, promoting chemoresistance and inhibiting apoptosis. Red represents the factor causing miR-33a dysregulation; blue represents miR-33a; yellow represents the target genes of miR-33a; orange represents the downstream proteins; light green represents the signaling pathways and EMT processes; dark green represents the biological processes of cancer cells. miR, microRNA; EMT, epithelial-mesenchymal transition; SIRT6, sirtuin 6; p-, phosphorylated; JAK2, Janus kinase 2; PDE8A, phosphodiesterase 8A; PKA, protein kinase A; TWIST1, Twist basic helix-loop-helix transcription factor 1; UVRAG, UV radiation resistance associated; NICD, Notch intracellular domain; AXL, AXL receptor tyrosine kinase; 4EBP1, eukaryotic translation initiation factor 4E binding protein 1; S6K, ribosomal protein S6K; CYR61, cysteine-rich angiogenic inducer 61.](ol-20-03-2537-g05){#f6-ol-0-0-11835}

![Roles of miR-33a and its target genes in prostate (top) and breast cancer (bottom), and the underlying mechanisms. (A) miR-33a downregulation upregulates its target gene PIM1, as well as CPT1A and HADHB, which promote β-oxidation pathway and proliferation. (B) miR-33a upregulation downregulates EN-2, inhibiting proliferation, migration and invasion. (C) miR-33a upregulation inhibits its target gene TGFBRI, which further downregulates ZEB1, downregulating vimentin and upregulating fibronectin, leading to inhibition of EMT, metastasis, invasion and migration. (D) miR-33a upregulation downregulates its target genes ROS1 and ADAM9, inhibiting proliferation and migration. (E) miR-33a upregulation downregulates its target gene ABCA1, inhibiting radiosensitivity. (F) miR-33a upregulation downregulates its target gene EZH2, inhibiting proliferation and migration. (G) miR-33a upregulation inhibits its target gene eIF5A2, downregulating vimentin and upregulating E-cadherin, leading to inhibition of EMT and chemoresistance. Blue represents miR-33a; yellow represents the target genes of miR-33a; orange represents the downstream proteins; light green represents the signaling pathways and EMT processes; dark green represents the biological processes of cancer cells. miR, microRNA; EMT, epithelial-mesenchymal transition; PIM1, Pim-1 proto-oncogene; EN-2, engrailed homeobox 2; TFGBRI, transforming growth factor β receptor 1; ZEB1, Zinc finger E-Box binding homeobox 1; ADAM9, ADAM metallopeptidase domain 9; ABCA1, ATP-binding cassette transporter A1; EZH2, enhancer of zeste homolog 2; eIF5A2, eukaryotic translation initiation factor 5A2; CPT1A, carnitine palmitoyltransferase 1A; HADHB, hydroxyacyl-CoA dehydrogenase trifunctional multienzyme complex subunit β; ROS1, ROS proto-oncogene 1, receptor tyrosine kinase.](ol-20-03-2537-g06){#f7-ol-0-0-11835}

###### 

miR-33a expression and roles in different types of cancer.

  A, Digestive system: Hepatocellular carcinoma                                                                                                                                                      
  -------------------------------------------------------- ------------------------ ----------------- ---------------------------- ----------------------------------------------------------------- -------------------------------------------
  Liu *et al*, 2018                                        Down                     PNMA1             Up                           EMT, proliferation, migration                                     ([@b29-ol-0-0-11835])
  Guo *et al*, 2016; Li *et al*, 2019                      Down                     TWIST1            Up                           EMT, invasion, proliferation                                      ([@b30-ol-0-0-11835],[@b31-ol-0-0-11835])
  Fang *et al*, 2013                                       Down                     β-catenin         Up                           Proliferation                                                     ([@b32-ol-0-0-11835])
  Han *et al*, 2016                                        Down                     PBX3              Up                           Proliferation, metastasis, invasion, low survival                 ([@b33-ol-0-0-11835])
  Wu *et al*, 2019                                         Down                     HMGA2             Up                           Proliferation, migration, invasion, drug resistance               ([@b34-ol-0-0-11835],[@b35-ol-0-0-11835])
  Han *et al*, 2019                                                                                                                                                                                  
  Meng *et al*, 2017                                       Down                     HSPA8             Up                           Cisplatin resistance                                              ([@b36-ol-0-0-11835])
  Hou *et al*, 2017                                        Down                     ABCA1             Up                           Doxorubicin resistance                                            ([@b37-ol-0-0-11835])
  Chang *et al*, 2017                                      Up                       PPARα             Down                         Proliferation, apoptosis                                          ([@b38-ol-0-0-11835])
                                                                                                                                                                                                     
  **B, Digestive system: Gastric cancer**                                                                                                                                                            
  **First author, year**                                   **miR-33a expression**   **Target gene**   **Target gene expression**   **Function**                                                      **(Refs.)**
                                                                                                                                                                                                     
  Wang *et al*, 2015                                       Down                     CDK6              Up                           Proliferation, cell cycle                                         ([@b41-ol-0-0-11835])
                                                                                    CCND1                                                                                                            
                                                                                    PIM1                                                                                                             
  Chen *et al*, 2019                                       Down                     SNAI2             Up                           EMT, invasion, migration                                          ([@b42-ol-0-0-11835])
  Wu *et al*, 2018                                         Down                     ZEB1              Up                           EMT, migration                                                    ([@b43-ol-0-0-11835])
                                                                                                                                                                                                     
  **C, Digestive system: Colorectal cancer**                                                                                                                                                         
  **First author, year**                                   **miR-33a expression**   **Target gene**   **Target gene expression**   **Function**                                                      **(Refs.)**
                                                                                                                                                                                                     
  Wang *et al*, 2019                                       Down                     PIM3              Up                           Proliferation, cell cycle                                         ([@b50-ol-0-0-11835])
  Shan *et al*, 2017                                       Down                     ST8SIA1           Up                           Proliferation, invasion, drug resistance                          ([@b51-ol-0-0-11835])
  Yan *et al*, 2019                                        Down                     MTHFD2            Up                           Proliferation, migration, cell cycle                              ([@b52-ol-0-0-11835])
  Ibrahim *et al*, 2011                                    Down                     PIM1              Up                           Tumor growth                                                      ([@b53-ol-0-0-11835])
                                                                                                                                                                                                     
  **D, Digestive system: Pancreatic cancer**                                                                                                                                                         
  **First author, year**                                   **miR-33a expression**   **Target gene**   **Target gene expression**   **Function**                                                      **(Refs.)**
                                                                                                                                                                                                     
  Liang *et al*, 2015                                      Down                     PIM3              Up                           Proliferation, gemcitabine sensitivity                            ([@b56-ol-0-0-11835])
  Liang *et al*, 2015                                      Down                     β-catenin         Up                           EMT, proliferation, gemcitabine sensitivity                       ([@b57-ol-0-0-11835])
                                                                                                                                                                                                     
  **E, Digestive system: Gallbladder cancer**                                                                                                                                                        
                                                                                                                                                                                                     
  **First author, year**                                   **miR-33a expression**   **Target gene**   **Target gene expression**   **Function**                                                      **(Refs.)**
                                                                                                                                                                                                     
  Zhang *et al*, 2016                                      Down                     TWIST1            Up                           EMT, proliferation, migration, invasion                           ([@b59-ol-0-0-11835])
                                                                                                                                                                                                     
  **F, Digestive system: Esophageal squamous carcinoma**                                                                                                                                             
                                                                                                                                                                                                     
  **First author, year**                                   **miR-33a expression**   **Target gene**   **Target gene expression**   **Function**                                                      **(Refs.)**
                                                                                                                                                                                                     
  Zhang *et al*, 2019                                      Down                     ZEB1              Up                           Proliferation, migration                                          ([@b62-ol-0-0-11835])
  Wang *et al*, 2017                                       Down                     SOX9              Up                           Proliferation                                                     ([@b63-ol-0-0-11835])
                                                                                                                                                                                                     
  **G, Respiratory system: Non-small cell lung cancer**                                                                                                                                              
                                                                                                                                                                                                     
  **First author, year**                                   **miR-33a expression**   **Target gene**   **Target gene expression**   **Function**                                                      **(Refs.)**
                                                                                                                                                                                                     
  Du *et al*, 2017                                         Down                     METTL3            Up                           Proliferation                                                     ([@b65-ol-0-0-11835])
  Kang *et al*, 2018                                       Down                     CAND1             Up                           Proliferation, migration Cell cycle                               ([@b66-ol-0-0-11835])
  Amaar and Reeves *et al*, 2019                           Down                     ABCA1             Up                           EMT, proliferation, migration, chemoresistance                    ([@b67-ol-0-0-11835])
  Yang *et al*, 2015                                       Down                     TWIST1            Up                           Migration, EMT                                                    ([@b68-ol-0-0-11835])
  Kang *et al*, 2017                                       Down                     CDK6              Up                           Cell cycle, tumor development                                     ([@b69-ol-0-0-11835])
  Wang *et al*, 2020                                       Down                     KPNA4             Up                           Tumorigenesis, tumor development                                  ([@b70-ol-0-0-11835])
                                                                                                                                                                                                     
  **H, Respiratory system: Untyped lung cancer**                                                                                                                                                     
                                                                                                                                                                                                     
  **First author, year**                                   **miR-33a expression**   **Target gene**   **Target gene expression**   **Function**                                                      **(Refs.)**
                                                                                                                                                                                                     
  Li *et al*, 2018                                         Down                     mTOR              Up                           Proliferation, celastrol resistance                               ([@b71-ol-0-0-11835])
  Kuo *et al*, 2013                                        Down                     CDK6              Up                           Bone metastasis                                                   ([@b72-ol-0-0-11835])
  Pan *et al*, 2020                                        Down                     TWIST1            Up                           Proliferation, metastasis                                         ([@b73-ol-0-0-11835])
  Rice *et al*, 2013                                       Down                     HMGA2             Up                           Migration                                                         ([@b74-ol-0-0-11835])
  Zhu *et al*, 2015                                        Down                     β-catenin         Up                           Proliferation, cell cycle                                         ([@b75-ol-0-0-11835])
  Boldrini *et al*, 2017                                   Down                     PD-1              Up                           Prognosis                                                         ([@b76-ol-0-0-11835])
                                                                                                                                                                                                     
  **I, Head and neck: Laryngeal carcinoma**                                                                                                                                                          
                                                                                                                                                                                                     
  **First author, year**                                   **miR-33a expression**   **Target gene**   **Target gene expression**   **Function**                                                      **(Refs.)**
                                                                                                                                                                                                     
  Karatas *et al*, 2018                                    Down                     PIM1              Up                           Proliferation, apoptosis                                          ([@b79-ol-0-0-11835])
                                                                                                                                                                                                     
  **J, Head and neck: Tongue squamous carcinoma**                                                                                                                                                    
                                                                                                                                                                                                     
  **First author, year**                                   **miR-33a expression**   **Target gene**   **Target gene expression**   **Function**                                                      **(Refs.)**
                                                                                                                                                                                                     
  Zuo *et al*, 2018                                        Down                     ZEB1              Up                           Proliferation, migration, cell cycle                              ([@b81-ol-0-0-11835])
                                                                                                                                                                                                     
  **K, Skin: Melanoma**                                                                                                                                                                              
                                                                                                                                                                                                     
  **First author, year**                                   **miR-33a expression**   **Target gene**   **Target gene expression**   **Function**                                                      **(Refs.)**
                                                                                                                                                                                                     
  Zhou *et al*, 2015 Cao *et al*, 2017                     Down                     HIF1A             Up                           Proliferation, migration, invasion, apoptosis, radiosensitivity   ([@b83-ol-0-0-11835],[@b85-ol-0-0-11835])
  Tian *et al*, 2016                                       Down                     CDK16             Up                           Proliferation                                                     ([@b86-ol-0-0-11835])
  Lv *et al*, 2018                                         Down                     N/A               N/A                          Proliferation, migration, invasion                                ([@b87-ol-0-0-11835],[@b88-ol-0-0-11835])
  Fu *et al*, 2019                                                                                                                                                                                   
                                                                                                                                                                                                     
  **L, Urinary system: Renal cancer**                                                                                                                                                                
                                                                                                                                                                                                     
  **First author, year**                                   **miR-33a expression**   **Target gene**   **Target gene expression**   **Function**                                                      **(Refs.)**
                                                                                                                                                                                                     
  Jiang *et al*, 2019                                      Down                     MDM4              Up                           Proliferation, survival                                           ([@b91-ol-0-0-11835])
                                                                                                                                                                                                     
  **M, Endocrine system: Thyroid cancer**                                                                                                                                                            
                                                                                                                                                                                                     
  **First author, year**                                   **miR-33a expression**   **Target gene**   **Target gene expression**   **Function**                                                      **(Refs.)**
                                                                                                                                                                                                     
  Takeshita *et al*, 2013                                  Down                     MYC               Up                           Proliferation                                                     ([@b93-ol-0-0-11835])
                                                                                                                                                                                                     
  **N, Nervous system: Glioma**                                                                                                                                                                      
                                                                                                                                                                                                     
  **First author, year**                                   **miR-33a expression**   **Target gene**   **Target gene expression**   **Function**                                                      **(Refs.)**
                                                                                                                                                                                                     
  Chang *et al*, 2017                                      Up                       SIRT6             Down                         Apoptosis                                                         ([@b95-ol-0-0-11835])
  Wang *et al*, 2014                                       Up                       PDE8A, UVRAG      Down                         Self-renewal                                                      ([@b96-ol-0-0-11835])
                                                                                                                                                                                                     
  **O, Musculoskeletal system: Osteosarcoma**                                                                                                                                                        
                                                                                                                                                                                                     
  **First author, year**                                   **miR-33a expression**   **Target gene**   **Target gene expression**   **Function**                                                      **(Refs.)**
                                                                                                                                                                                                     
  Jiang *et al*, 2017                                      Down                     AXL               Up                           Proliferation                                                     ([@b99-ol-0-0-11835])
  Huang *et al*, 2018                                      Down                     CYR61             Up                           EMT, invasion                                                     ([@b100-ol-0-0-11835])
  Zhang *et al*, 2015                                      Down                     N/A               N/A                          Proliferation                                                     ([@b101-ol-0-0-11835])
  Zhou *et al*, 2014                                       Up                       TWIST1            Down                         Cisplatin resistance, apoptosis                                   ([@b102-ol-0-0-11835])
                                                                                                                                                                                                     
  **P, Reproductive system: Prostate cancer**                                                                                                                                                        
                                                                                                                                                                                                     
  **First author, year**                                   **miR-33a expression**   **Target gene**   **Target gene expression**   **Function**                                                      **(Refs.)**
                                                                                                                                                                                                     
  Karatas *et al*, 2017                                    Down                     PIM1              Up                           Proliferation, invasion, migration                                ([@b106-ol-0-0-11835])
  Li *et al*, 2017                                         Down                     EN-2              Up                           Proliferation, migration, invasion                                ([@b107-ol-0-0-11835])
  Dai *et al*, 2019                                        Down                     TGFBRI            Up                           EMT, invasion, migration, metastasis                              ([@b108-ol-0-0-11835])
                                                                                                                                                                                                     
  **Q, Reproductive system: Breast cancer**                                                                                                                                                          
                                                                                                                                                                                                     
  **First author, year**                                   **miR-33a expression**   **Target gene**   **Target gene expression**   **Function**                                                      **(Refs.)**
                                                                                                                                                                                                     
  Zhang *et al*, 2015                                      Down                     ADAM9             Up                           Proliferation, migration                                          ([@b112-ol-0-0-11835])
                                                                                    ROS1                                                                                                             
  Wolfe *et al*, 2016                                      Down                     ABCA1             Up                           Radiosensitivity                                                  ([@b113-ol-0-0-11835])
  Weihua *et al*, 2020                                     Down                     EZH2              Up                           Proliferation, migration                                          ([@b114-ol-0-0-11835])
  Guan *et al*, 2019                                       Down                     eFI5A2            Up                           EMT, doxorubicin sensitivity                                      ([@b115-ol-0-0-11835])

miR, microRNA; EMT, epithelial-mesenchymal transition; ABCA1, ATP-binding cassette transporter A1; AXL, AXL receptor tyrosine kinase; CAND1, Cullin associated and neddylation dissociated 1; CCND1, cyclin D1; CDK, cyclin-dependent kinase; CYR61, cysteine-rich angiogenic inducer 61; EN-1, engrailed homeobox 2; EZH2, enhancer of zeste homolog 2; HIF1A, hypoxia inducible factor 1 subunit α; HMGA2, high mobility group AT-hook 2; HSPA8, heat shock protein family A (Hsp70) member 8; MDM4, mouse double minute 4; METTL3, methyltransferase-like 3; MTHFD2, methylenetetrahydrofolate dehydrogenase 2; PBX3, pre-B-cell leukemia transcription factor 3; PD-1, programmed cell death protein 1; PDE8A, phosphodiesterase 8A; PIM1/3, Pim-1/3 proto-oncogene; PNMA1, paraneoplastic antigen Ma1; PPARα, peroxisome proliferator activated receptor α; SIRT6, sirtuin 6; SNAI2, Snail family transcriptional repressor 2; SOX9, SRY-box 9; ST8SIA1, ST8α-N-acetyl-neuraminide-α-2,8-sialyltransferase 1; TFGBRI, transforming growth factor β receptor 1; TWIST1, Twist basic helix-loop-helix transcription factor 1; UVRAG, UV radiation resistance associated; ZEB1, zinc finger E-Box binding homeobox 1.
